Introduction {#sec1-0300060519858508}
============

Sepsis refers to a systemic inflammatory response syndrome caused by various infectious factors. Progression of sepsis can lead to septic shock, multiple organ failure, and a high risk of death.^[@bibr1-0300060519858508],[@bibr2-0300060519858508]^ The initiation and development of sepsis involve exacerbation of the systemic inflammatory response. Activation of relevant inflammatory cells leads to production and release of a large number of endogenous inflammatory substances, including cytokines, lysosomal enzymes, vasoactive substances, platelet-activating factors, bradykinin, and alexin; these inflammatory factors interact to create a cytokine storm that causes systemic organ and tissue damage.^[@bibr3-0300060519858508],[@bibr4-0300060519858508]^ Increased levels of inflammatory mediators, such as tumor necrosis factor α (TNF-α) and interleukins (e.g., IL-6, IL-1, and IL-10), are closely related to the development of sepsis; higher serum concentrations of IL-6 and IL-10 have been associated with a more serious state of sepsis.^[@bibr5-0300060519858508][@bibr6-0300060519858508]--[@bibr7-0300060519858508]^ Patients with sepsis often exhibit an oxidative stress state that triggers the release of excess free radicals, thereby causing oxidative damage and aggravating the inflammatory response.^[@bibr8-0300060519858508]^

Thus far, there is no specific treatment for sepsis. Standard treatments include antibiotics, infection control, fluid resuscitation, mechanical ventilation, hemodynamic support, and other adjuvant therapies.^[@bibr9-0300060519858508]^ Simvastatin belongs to the statin class of drugs and is currently used to regulate blood lipids.^[@bibr10-0300060519858508]^ Statins have been shown to regulate the inflammatory response in patients with severe sepsis, delay the progression of septic disease, and reduce sepsis-related mortality.^[@bibr11-0300060519858508]^ Notably, simvastatin contributes to lipid regulation, exerts anti-inflammatory and immunomodulatory effects, improves vascular endothelial cell function, and can reduce the expression of inflammatory cytokines in vivo by inhibiting the expression of relevant mRNA transcripts.^[@bibr12-0300060519858508]^ Based on the potent anti-inflammatory effects of simvastatin, further research is needed to elucidate its specific anti-inflammatory mechanism of action.^[@bibr13-0300060519858508]^ Considering the scarcity of studies regarding oxidative stress in sepsis, we presumed that a detailed analysis of the anti-inflammatory and anti-oxidative stress mechanisms of simvastatin would be clinically useful.

In this study, we established a mouse model of sepsis using cecal ligation and puncture to investigate the effect of simvastatin on the survival and prognosis of mice with sepsis, enabling exploration of its possible mechanisms of action and providing a possible rationale for the use of simvastatin as treatment for patients with sepsis.

Materials and methods {#sec2-0300060519858508}
=====================

Experimental animals {#sec3-0300060519858508}
--------------------

This study was performed in 60 male and female C57BL/6 mice (7--8 weeks of age, 25--30 g body weight), which were obtained from Beijing Weitong Lihua Experimental Animal Technology Co., Ltd., SCXK \[Beijing\] 2012-0001). The mice were housed in a specific pathogen-free-class barrier environment at a constant temperature and humidity of 22--23°C and 48%--55%; they had free access to food and water. All procedures were approved by the Animal Care and Use Committee of the Second Affiliated Hospital and Yuying Children's Hospital of Wenzhou Medical University; all procedures complied with the guidelines of the National Institutes of Health.

Experimental reagents {#sec4-0300060519858508}
---------------------

Simvastatin (20 mg/tablet) was purchased from Merck Sharp & Dohme Ltd. (Hangzhou, China; batch number: J20130068) and registered with the China Food and Drug Administration as GYZZ J20130068. ELISA kits (LSY-10056) were purchased from Shenzhen Xinbosheng Biotechnology Co., Ltd. (Shenzhen, China).

Experimental treatment {#sec5-0300060519858508}
----------------------

After 1 week of normal feeding, mice were randomly subdivided into a sham operation group (control group, n = 20), a sepsis group (model group, n = 20), and a simvastatin + sepsis group (observation group, n = 20). The simvastatin solution was prepared by adding bulk simvastatin to absolute ethanol at a concentration of 10 mg/mL; this mixture was diluted with saline to a final concentration of 10 µg/mL; the placebo solution was formulated with absolute ethanol and normal saline at a ratio of 1:1000. The three groups of mice were pretreated 7 days before sepsis modeling: the observation group was administered simvastatin solution via intragastric administration (0.2 mL/10 g body weight, once per day); the control and sepsis groups were administered placebo solution via intragastric administration (0.2 mL/10 g body weight, once per day). After pretreatment, the model and observation groups were subjected to sepsis modeling in accordance with the cecal ligation and puncture method.^[@bibr14-0300060519858508]^ Punctures were performed 10 times in mice in the model and observation groups, using an 18-gauge puncture needle to induce fatal septicemia; mice in the control group did not receive punctures, but were anesthetized and surgically manipulated in a manner identical to that of mice in the model and observation groups.

Outcome measures {#sec6-0300060519858508}
----------------

### Survival status and clinical scoring {#sec7-0300060519858508}

For 7 consecutive days after implementation of the model, the mice were observed once per day and assessed in accordance with the clinical scoring standards established by Shrum et al.^[@bibr15-0300060519858508]^ The times of death were also recorded during that period. At the conclusion of the experiment, the mice received no further treatments related to the study. The scoring criteria included seven indicators; each indicator was divided into five levels, with scores of 0 to 4 points. Specific observation indicators were as follows: appearance (0 = shiny, 1 = partially vertical hair, 2 = backward vertical hair, 3 = hair bulkiness, 4 = withered); autonomic consciousness (0 = active, 1 = not upright, 2 = delayed, 3 = action tremor, 4 = immobility); autonomic activity (0 = normal, 1 = decreased activity, 2 = occasional activity, 3 = resting, 4 = shaking); response to stimuli (0 = normal, 1 = slow response to sound, 2 = no response to sound, but general touch reaction present, 3 = weak touch reaction present, 4 = no response); eyes (0 = normal, 1 = not fully open, 2 = semi-closed, 3 = not fully closed, 4 = closed); respiratory rate (0 = normal, 1 = slight reduction, 2 = moderate reduction, 3 = significant reduction, 4 = extreme reduction); and respiratory quality (0 = normal, 1 = occasional dyspnea, 2 = sustained dyspnea, 3 = intermittent gasping, 4 = sustained gasping). Clinical scores were based on the sum of the seven indicator scores, with the lowest score of 0 points and the highest score of 28 points.

### Measurement of cytokine concentrations {#sec8-0300060519858508}

At 24 hours after implementation of the sepsis model, 3 mL of carotid blood was drawn into a blood collection tube and incubated at room temperature for 30 minutes; it was then centrifuged at 2000 × g for 15 minutes at 4°C. Serum was separated and stored at --20°C. Concentrations of interleukin (IL)-6, IL-1, IL-10, and tumor necrosis factor (TNF)-α in the samples were determined by ELISA. An IL-6 ELISA kit was purchased from Beijing Lvyuan Bode Biotechnology Co., Ltd. (Beijing, China; batch number: KIT10395); an IL-1 ELISA kit was purchased from Shanghai Guduo Biotechnology Co., Ltd. (Shanghai, China; batch number: GD-G10246); an IL-10 ELISA kit was purchased from Shanghai Zhenyu Biotechnology Co., Ltd. (Shanghai, China; batch number: SEA056Rb-1), and a TNF-α ELISA kit was purchased from Shanghai Hengfei Biotechnology Co., Ltd. (Shanghai, China; batch number: CSB-EQ023955). Standards were constructed and measurements of standards and samples were performed in accordance with the instructions of the respective kits. Briefly, respective primary antibodies were incubated with standards or samples in ELISA microtiter plates, either overnight at 4°C or for 2 hours at room temperature. The plates were washed and respective enzyme-labeled secondary antibodies were incubated in the plates at 37°C for 3 minutes. Plates were washed again, and corresponding reaction substrates were added for 15 minutes to elicit the color reaction. The stop solution was added to each plate and the optical density was measured at 450 nm by the SK200 Enzyme Standard Analyzer (Shenzhen Sinothinker Technology Co., Ltd., Shenzhen, China). Concentrations of malondialdehyde (MDA) and activities of superoxide dismutase (SOD) in serum were quantified by radioimmunoassay kits (Xiamen Huijia Biotechnology Co., Ltd., Xiamen, China; batch numbers: IMG-3202 and EHJ-DBHZ-19845), in accordance with the instructions of the respective kits.

### Statistical analysis {#sec9-0300060519858508}

Statistical analyses were performed in SPSS software (version 13.0, SPSS Inc., Chicago, IL, USA), and GraphPad Prism software (version 6.0, GraphPad, Inc., La Jolla, CA, USA) was used to construct graphs. Measurement data are expressed as means ± standard deviations, whereas count data are expressed as numbers and percentages of mice. Count data were compared between groups by the chi-squared test, and means were compared between groups by one-way analysis of variance. Multiple comparisons between groups were performed using the least significant difference *t*-test. Survival curves were constructed by the Kaplan--Meier method and compared using the log-rank test. Differences with P \< 0.05 were considered to be statistically significant.

Results {#sec10-0300060519858508}
=======

General characteristics of the mice in each group {#sec11-0300060519858508}
-------------------------------------------------

The three groups of mice were not significantly different in terms of sex, age, body mass, indoor temperature, or indoor humidity (temperature and humidity were recorded because some mice were housed in different rooms in the animal facility) ([Table 1](#table1-0300060519858508){ref-type="table"}).

###### 

General characteristics of mice in the three groups.

![](10.1177_0300060519858508-table1)

  Factors                   Control (n = 20)   Model (n = 20)   Observation (n = 20)   F/χ^2^   P
  ------------------------- ------------------ ---------------- ---------------------- -------- -------
  Sex                                                                                  0.950    0.622
   Male (%)                 13 (65.00)         10 (50.00)       11 (55.00)                      
   Female (%)               7 (35.00)          10 (50.00)       9 (45.00)                       
  Age (weeks)               7.5 ± 0.2          7.6 ± 0.1        7.5 ± 0.2              1.458    0.241
  Body mass (g)             27.61 ± 1.86       27.71 ± 2.01     27.18 ± 1.92           0.425    0.656
  Indoor temperature (°C)   24.19 ± 1.28       23.84 ± 1.26     24.07 ± 1.35           0.376    0.688
  Indoor humidity (%)       51.29 ± 2.59       50.73 ± 2.03     50.69 ± 1.29           0.540    0.585

Data are shown as n (%) or mean ± standard deviation.

Effect of simvastatin on survival rates {#sec12-0300060519858508}
---------------------------------------

At 7 days after sepsis modeling, all mice in the control group had survived, two mice in the observation group had survived, and no mice in the model group had survived. The mean duration of survival of mice in the model group was significantly shorter than that of mice in the control group (P \< 0.05); the mean duration of survival of mice in the observation group was shorter than that of mice in the control group (P \< 0.05), but significantly longer than that of mice in the model group (P \< 0.05; [Figure 1](#fig1-0300060519858508){ref-type="fig"}).

![Effect of simvastatin on the survival rate of mice with sepsis. Survival statuses were examined in the three groups of mice at 7 days after sepsis modeling. Compared with the control group, mice in the model group had significantly shorter mean duration of survival after CLP (P \< 0.05). The mean duration of survival of mice in the observation group was longer than that of the model group (P \< 0.05).\
CLP: cecal ligation and puncture. \*P \< 0.05 compared with the control group, ^\#^P \< 0.05 compared with the model group.](10.1177_0300060519858508-fig1){#fig1-0300060519858508}

Clinical scores {#sec13-0300060519858508}
---------------

Clinical scores were monitored for 7 days after sepsis modeling. The mean clinical score of the model group was higher than that of the control group (P \< 0.05); the mean clinical score of the observation group was significantly higher than that of the control group, whereas it was lower than that of the model group (both P \< 0.05, [Figure 2](#fig2-0300060519858508){ref-type="fig"}).

![Impact of simvastatin on clinical scores in mice with sepsis. The three groups of mice were observed and scored. The mean clinical score was higher in the model group than in the control group (P \< 0.05), whereas it was significantly lower in the observation group than in the model group (P \< 0.05).\
CLP: cecal ligation and puncture. \*P \< 0.05 compared with the control group, ^\#^P \< 0.05 compared with the model group.](10.1177_0300060519858508-fig2){#fig2-0300060519858508}

In vivo cytokine levels {#sec14-0300060519858508}
-----------------------

Measurement of the concentrations of inflammatory cytokines in the peripheral blood of the three groups of mice showed that the concentrations of IL-6, TNF-α, IL-1, and IL-10 were significantly higher in the model group than in the control group (all P \< 0.05); the concentrations of IL-6, TNF-α, IL-1, and IL-10 were significantly lower in the observation group than in the model group (all P \< 0.05). In addition, the concentrations of IL-6, TNF-α, and IL-1 were significantly higher in the observation group than in the control group (P \< 0.05; [Table 2](#table2-0300060519858508){ref-type="table"}, [Figure 3](#fig3-0300060519858508){ref-type="fig"}).

###### 

Comparisons of serum concentrations of IL-6, TNF-α, IL-1, and IL-10 among the three groups.

![](10.1177_0300060519858508-table2)

  Indices         Control (n = 20)   Model (n = 20)              Observation (n = 20)                                                     F           P
  --------------- ------------------ --------------------------- ------------------------------------------------------------------------ ----------- ---------
  IL-6 (pg/mL)    112.21 ± 18.80     112022.45 ± 287.85\*^,\#^   2080.77 ± 115.50[\*](#table-fn3-0300060519858508){ref-type="table-fn"}   21758.000   \<0.001
  TNF-α (pg/mL)   223.32 ± 30.21     2780.82 ± 198.32\*^,\#^     498.40 ± 85.20[\*](#table-fn3-0300060519858508){ref-type="table-fn"}     2490.000    \<0.001
  IL-1 (pg/mL)    145.29 ± 9.26      854.21 ± 58.77\*^,\#^       301.52 ± 25.10[\*](#table-fn3-0300060519858508){ref-type="table-fn"}     1996.000    \<0.001
  IL-10 (pg/mL)   85.21 ± 9.15       1475.52 ± 260.42\*^,\#^     186.85 ± 85.50[\*](#table-fn3-0300060519858508){ref-type="table-fn"}     479.200     \<0.001

Data are shown as mean ± standard deviation.

\*P \< 0.05 compared with the control group. ^\#^P \< 0.05 compared with the observation group.

IL, interleukin; TNF, tumor necrosis factor.

![Comparisons of serum concentrations of IL-6, TNF-α, IL-1, and IL-10 among the three groups. At 24 hours after sepsis modeling, carotid blood was collected and centrifuged for separation of serum. (a) Comparisons of serum IL-6 concentrations among the three groups: compared with the control group, serum IL-6 concentrations in the model and observation groups were higher (P \< 0.05); the concentration of IL-6 was higher in the observation group than in the control group (P \< 0.05), but was significantly lower than that in the model group (P \< 0.05). (b) Comparisons of serum TNF-α concentrations among the three groups: compared with the control group, serum TNF-α concentrations in the model and observation groups were higher (P \< 0.05); the concentration of TNF-α was higher in the observation group than in the control group (P \< 0.05), but was significantly lower than that in the model group (P \< 0.05). (c) Comparisons of serum IL-1 concentrations among the three groups: compared with the control group, serum IL-1 concentrations in the model and observation groups were higher (P \< 0.05); the concentration of IL-1 was higher in the observation group than in the control group (P \< 0.05), but was significantly lower than that in the model group (P \< 0.05). (d) Comparisons of serum IL-10 concentrations among the three groups: compared with the control group, serum IL-10 concentrations in the model and observation groups were higher (P \< 0.05); the concentration of IL-10 was significantly higher in the observation group than in the control group (P \< 0.05), but was significantly lower than that in the model group (P \< 0.05).\
\*P \< 0.05; IL, interleukin; TNF, tumor necrosis factor.](10.1177_0300060519858508-fig3){#fig3-0300060519858508}

MDA concentration and SOD activity {#sec15-0300060519858508}
----------------------------------

The serum MDA concentration was significantly higher in the model group than in either observation or control groups (P \< 0.05); serum MDA concentration was significantly higher in the observation group than in the control group (P \< 0.05). The serum SOD activity was significantly lower in the model group than in either observation or control groups (P \< 0.05); serum SOD activity was significantly lower in the observation group than in the control group (P \< 0.05; [Table 3](#table3-0300060519858508){ref-type="table"}, [Figure 4](#fig4-0300060519858508){ref-type="fig"}).

###### 

Comparison of serum MDA concentrations and serum SOD activities among the three groups.

![](10.1177_0300060519858508-table3)

  Indices         Control (n = 20)   Model (n = 20)        Observation (n = 20)                                                 F        P
  --------------- ------------------ --------------------- -------------------------------------------------------------------- -------- ---------
  MDA (nmol/mL)   2.26 ± 0.58        6.18 ± 1.87\*^,\#^    4.25 ± 0.32[\*](#table-fn6-0300060519858508){ref-type="table-fn"}    58.570   \<0.001
  SOD (U/mL)      68.42 ± 7.59       50.92 ± 6.26\*^,\#^   60.02 ± 6.84[\*](#table-fn6-0300060519858508){ref-type="table-fn"}   32.010   \<0.001

Data are shown as mean ± standard deviation.

\*P \< 0.05 compared with the control group. ^\#^P \< 0.05 compared with the observation group.

MDA, malondialdehyde; SOD, superoxide dismutase.

![Comparisons of serum MDA concentrations and serum SOD activities among the three groups. At 24 hours after sepsis modeling, carotid blood was collected and centrifuged for separation of serum. (a) Comparisons of serum MDA concentrations among the three groups: the serum MDA concentration was significantly higher in the model group than in either observation or control groups (P \< 0.05); serum MDA concentration was significantly higher in the observation group than in the control group (P \< 0.05). (b) Comparisons of serum SOD activities among the three groups: the serum SOD activity was significantly lower in the model group than in either observation or control groups (P \< 0.05); serum SOD activity was significantly lower in the observation group than in the control group (P \< 0.05).\
\*P \< 0.05, MDA, malondialdehyde; SOD, superoxide dismutase.](10.1177_0300060519858508-fig4){#fig4-0300060519858508}

Discussion {#sec16-0300060519858508}
==========

Sepsis involves acute exacerbation of the body's systemic inflammatory response. It is accompanied by damage to and dysfunction of the liver, lungs, and kidneys, as well as the cardiovascular, gastrointestinal, and nervous systems.^[@bibr16-0300060519858508],[@bibr17-0300060519858508]^ The pathogenesis of sepsis is complex and is associated with factors such as inflammatory reactions and coagulation dysfunction caused by infection.^[@bibr18-0300060519858508]^ Excessive inflammation caused by the "storm" of inflammatory factors is the main cause of multiple organ dysfunction and death.^[@bibr19-0300060519858508]^

In the present study, the mean duration of survival of the mice in the observation group (sepsis model + simvastatin) was significantly longer than that in the model group (sepsis model), and the clinical score of the observation group was significantly better than that of the model group. Thus, simvastatin significantly improved the survival rate of mice with sepsis and could alleviate the symptoms of sepsis. Beffa et al.^[@bibr20-0300060519858508]^ showed that simvastatin could improve the survival rate among mice with burn sepsis and could inhibit the inflammatory response; those findings are in agreement with our current results. Despite differences in sepsis modeling methods between the study by Beffa et al. and the present study, both studies showed that simvastatin could alleviate symptoms of sepsis and improve prognosis. Concentrations of TNF-α, IL-6, IL-1, IL-10, IL-17, IL-18, and other cytokines are higher in patients with sepsis, and are higher in some animal models of sepsis; moreover, they are closely related to the severity of sepsis.^[@bibr21-0300060519858508][@bibr22-0300060519858508]--[@bibr23-0300060519858508]^Simvastatin has been shown to regulate the inflammatory response in patients with severe sepsis, to delay sepsis disease progression, and to reduce mortality associated with sepsis.^[@bibr24-0300060519858508]^

In the present study, the serum concentrations of IL-6, TNF-α, IL-1, and IL-10 were significantly lower in the observation group than in the model group, suggesting that inhibition of the inflammatory response may be a mechanism by which simvastatin modulates sepsis. Braga et al.^[@bibr25-0300060519858508]^ showed that simvastatin suppressed the immune response and increased the survival rate of mice with fatal sepsis. An excessive inflammatory response is regarded as the primary cause of death among mice with sepsis; simvastatin can improve the body's immune response^[@bibr26-0300060519858508]^ and thus prevent death caused by the release of proinflammatory factors in mice. The abnormal increase in MDA concentration observed in the present study indicates strong lipid peroxidation and severe damage to the mitochondrial and cell membranes.^[@bibr27-0300060519858508]^ SOD is a scavenger of reactive oxygen species, and its activity reflects antioxidant capacity. Therefore, changes in MDA concentration and SOD activity reflect the degree of antioxidant response.^[@bibr28-0300060519858508]^ In the present study, serum MDA concentration was significantly higher in the model group than in either observation or control groups, while SOD activity was significantly lower in the model group than in either observation or control groups; this indicated that simvastatin could inhibit oxidative stress in mice with sepsis. In a prior study, Lowes et al.^[@bibr29-0300060519858508]^ showed that mitochondria-targeted antioxidants could reduce IL-6 level, improve mitochondrial function, and mitigate oxidative stress and organ dysfunction in a rat model of acute sepsis. Taken together, these findings suggest that alleviation of oxidative stress may comprise a therapeutic approach to sepsis.

This study was limited in that we analyzed inflammatory cytokines and oxidative stress indicators in serum alone, and did not analyze cytokine expression or damage in organs such as the liver and kidneys. Hence, the mechanism by which simvastatin modulates sepsis should be verified by additional studies using this mouse model.

In conclusion, this study showed that simvastatin could alleviate the symptoms of sepsis in a mouse model and that it could improve the survival rate of mice with sepsis. The mechanism by which simvastatin modulates sepsis may be mediated by inhibition of the systemic inflammatory response and oxidative stress.
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